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Abstract

Mass spectrometry-based methods are the gold standard for the characterization of novel
biopharmaceutical products. Most frequently in conjunction with chromatographic separations, the
methods primarily focus on the determination of amino acid sequence, post-translation modification
profiles, and degradation products. In contrast, the elucidation of the factors that contribute to the
folding and stability of native biomolecules is traditionally performed using calorimetric techniques
such as differential scanning calorimetry. The understanding of thermodynamic stability and folding
mechanisms is highly important in biotherapeutic developability assessments. In this application note
we demonstrate the application of native ion mobility-mass spectrometry (IM-MS) and collision-induced
unfolding (CIU), a gas phase calorimetric technique, for protein unfolding and stability measurements of
glycated monoclonal antibodies. Using the NISTmADb reference material, IM-MS-based collision-induced
unfolding measurements and the application of CIUSuite3 software, we observe the effect of glycation
on mAb structure by probing the gas phase unfolding pathway of the protein. The results demonstrate

the potential of CIU as a high throughput technique to evaluate protein folding and stability in a solvent
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free environment while assessing the developability of a biotherapeutic molecule.

Benefits

= Measure protein unfolding pathways in minutes with collision induced unfolding (CIU) and Cyclic ion

mobility

= Fully integrate the CIU workflow with CIUSuite3 software to perform higher order structural stability

studies

= Increase confidence in results by reducing interference with pre-IMS quadrupole selection

Introduction

Mass spectrometry methods are central to the characterization of the primary structure of
biopharmaceutical proteins. Intact mass and peptide mapping workflows give detailed information on
critical quality attributes (CQAs) that report on amino acid sequence, glycosylation profiles, and
degradation products such as truncations, oxidations and glycations. Such CQAs can influence the
safety and efficacy of biotherapeutics and so must be monitored and controlled, but increasingly there
are efforts to understand the effects of these CQAs through measurements of higher order protein

structure.

Measurements of higher order structure can be probed in detail with MS-based methods such as
hydrogen/deuterium exchange MS, chemical crosslinking and native ion mobility mass spectrometry
(IM-MS). The latter is growing in popularity in the biopharmaceutical industry due to its rapid nature and
ability to report on protein:protein and protein:ligand interactions as well as protein folding. The ability
of IM-MS to probe protein conformations is well studied, but often structural changes are too subtle for
outright resolution of different conformational families for characterization. Collision-induced unfolding
is a branch of native IM-MS in which gas phase protein ions are unfolded by imparting energy through
acceleration of ions into an inert bath gas (Figure 1A). The technique has been shown to report on
ligand-induced stabilization(1,2), changes in domain structure(3,4), disulfide bonding pattern(5) and
glycosylation profile(6).1-® Unfolding transitions can be monitored by mobility separation of emerging
conformers as the energy of the collisions is increased (Figure 1B). By monitoring the arrival time

distribution of the unfolding ions as a function of collision voltage,a ‘CIU fingerprint’ can be
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constructed to describe the entire unfolding pathway. By comparing CIU fingerprints of different
conditions, e.g. stressed versus unstressed or apo versus holo, subtle effects on protein structure and

stability can be revealed.
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Figure 1. The collision-induced unfolding workflow on the SELECT SERIES Cyclic IMS
instrument. A) Experimental details. i) The unique architecture of the instrument
enables quadrupole selection, reducing artifacts arising from charge stripping
processes, ii) collisional activation in the Trap collision cell imparts energy on the
protein ions which undergo unfolding, iii) the unfolding products are separated by high
performance Cyclic ion mobility, iv) ions are detected in the high resolution TOF mass
analyzer. B) i) lons are optionally selected ii) a collision voltage stepping method
sequentially increases the energy imparted on the protein ions and arrival time
distributions reveal unfolding, iii) Arrival/drift time versus collision voltage plots or ‘CIU
Fingerprints’ are constructed within CIUSuite3 software as a means to characterize
unfolding transitions and compare different protein states (e.g. stressed versus

unstressed, apo vs holo).
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Experimental

Sample Description

NISTmAb RM8671 was purchased from NIST. The protein was received at 10 mg/mL in 12.5 mM L-
histidine buffer and then buffer exchanged into 200 mM ammonium acetate using 0.5 mL Zeba Spin
benchtop centrifugal desalting column (ThermoFisher Scientific). The protein was diluted to 0.1 mg/mL
using the ammonium acetate. Glycation reactions were performed with NISTmAb at 5 mg/mL in a
solution with 1 M glucose at 30 °C for 30 minutes, 7 days and 16 days. Upon completion of the incubation
the solution was buffer exchanged into water and then frozen. The control (30 minute timepoint) was
immediately buffer exchanged into water and then frozen at -70 °C. All time points were buffer
exchanged into ammonium acetate as previously described and diluted to 0.1 mg/mL prior to analysis

on the mass spectrometer.

Method Conditions

NISTmADb samples were introduced into the mass spectrometer using long, thin-walled borosilicate glass
nanocapillaries (p/n: M956232AD1). For native folded measurements the cone voltage and collision

voltages were minimized.

MS Conditions

MS system: SELECT SERIES Cyclic IMS Mass Spectrometer
lonization source: Nanolockspray with static needle

lonization mode: Positive

Acquisition range: 50-8,000 m/z

Capillary voltage: 1kv

Trap collision voltage (no unfolding): 5V
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Trap collision voltage step for ClU: 5V

Maximum trap voltage used: 200V
Cone voltage: 50V
Cyclic static wave height: 25V
Pushes per bin: 2
Array offset (inject step): 60V
Array wave height (inject): 4V
Array offset (separate): 70V
Racetrack bias: oV
Array wave height (eject and acquire): 25V

Data Management

MS software: Waters™ Embedded Analyzer Platform for

Cyclic IMS v12.2

Informatics: Masslynx™ v4.2, Driftscope v3.0, CIUSuite3
(github.com/RuotoloLab/CIUSuite3)

Results and Discussion

To investigate the effects of glycation on the unfolding pathway of mAbs we incubated the NISTmAb
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RM8671 protein with glucose for different time periods, namely 30 minutes, 7 days, and 16 days. Firstly,
to confirm the degree of glycation we performed a native MS experiment on each of the time points
(Figure 2). The mass spectrum after 30 minutes exhibited a small but detectable increase in the amount
of hexose (+162 Da) over the non-incubated NISTmAb mAb. The spectrum of the mAb incubated for 7
days exhibited significant glycation with up to 8 hexose-modified proteoforms. The spectrum of the mAb
incubated for 16 days exhibited additional modifications with greater than 11 hexose-modified
proteoforms. Having confirmed the formation of glycation, CIU experiments were performed to

investigate any changes in protein unfolding.
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Figure 2. Native MS of hyper-glycated NISTmAb. Spectra are shown for NISTmAb after incubation with 1 M
glucose for 30 minutes (teal), 7 days (orange), and 16 days (magenta). Increased incubation time increases the

number of glycation modifications detected on the mAb (yellow circles).

CIU experiments were performed on the non-incubated protein, 30 minutes-, 7 days-, and 16 days-
incubated samples. For simplicity we show only the data for the 25+ charge state. To visualize the data,
we chose to use ClUSuite3, the latest version of a popular software tool developed by the group of

Professor Brandon Ruotolo at the University of Michigan, USA(7), that allows native reading of data from
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the SELECT SERIES Cyclic IMS instrument. Figure 3 (top row) shows the CIU fingerprints, generated in
ClUSuite3, for all the states studied. The non-incubated protein shows five major states and four
transitions. The positions of the transitions along the voltage axis reveal differences in stability (Figure 3
bottom row). As the level of glycation increases, the fourth unfolding intermediate persists for an
increased range in collision voltage, resulting in the transition to the final unfolding intermediate
occurring at a higher collision voltage. This observation demonstrates a stabilizing effect due to

glycation based on the final transition requiring higher energy to fully unfold.
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Figure 3. Mapping the unfolding pathway of NISTmAb with increasing levels of glycation. Top row - CIU
fingerprints from ClUSuite3 for the 25+ charge state of the different samples. The non-incubated sample has five
folding states (labelled by white numerals) which are also populated by the glycated samples. Bottom row -
Feature-detected fingerprints from CIUSuite3 showing tracing of the major states with energy. The four
transitions undergone by the ions are shown on the non-incubated fingerprint (labelled with black italic
numerals). As the glycation level increases it is clear that state 4 persists to higher energy, meaning transition 4

is stabilized.

The tools within CIUSuite3 enable analysis of the CIU fingerprints by numerical means, removing user
bias. Firstly, two conditions can be compared to quantify the difference between them. In this way we
can assess the overall effect on the unfolding profile between the two conditions (Figure 4A). To this

end, we compared the CIU fingerprints of non-incubated NISTmAb with the 16 days-incubated sample. A
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difference plot (Figure 4A right) shows the areas where the CIU fingerprints are more intense in either
condition. Calculation of a root-mean-square deviation of the difference plot gives a numerical value by
which to quantify the differences between the two fingerprints, in this case a value of 15.4 was obtained.
Compared to the intra-condition RMSD of 2.8 between replicates, this is highly significant. Secondly,
ClUSuite3 enables tracking of each unfolding transition independently, giving ‘ClUso” values for each,
which again can be compared between conditions (Figure 4B). A ClUsg value is measured as the collision
voltage of the inflection point from where one feature transitions to the next, this value can provide
insights on protein stability. Indeed, the graph in Figure 4B shows that transitions 1 to 3 are affected
only slightly by the increase in glycation as ClUsg values are similar between each condition. Strikingly,
however, transition 4 is drastically affected by the increase in glycation, with ClUsg values of 102, 115,
and 148V for 30 minutes, 7 days, and 16 days, respectively. These data support the observation of

stabilization of transition 4 with increasing glycation.
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Figure 4. Quantitation of differences in CIU fingerprints in CIUSuite3. A) Pairwise
analysis of CIU fingerprints (left) to give a difference plot (right). The root-mean-square
deviation (RMSD) value is used as a measure of similarity. B) ClUsg values for
transitions 1to 4 for NISTmAb. ClUsq voltages are similar between glycation conditions
for transitions 1to 3. ClUs voltages increase sharply for transition 4 with increasing

glycation level with the most marked increase at 16 days incubation.

Conclusion
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In this application note we have shown the power of the SELECT SERIES Cyclic IMS mass spectrometer
for the detection of structural changes in mAbs. Using the simple and rapid technique of CIU, the high-
quality data obtained from the instrument enabled the characterization of the gas phase unfolding
profile for the standard protein NISTmAb. The utility of the CIU approach was demonstrated when
comparing the CIU fingerprints of NISTmAD to glycated NISTmAb showing a clear stabilization of its final
unfolding transition with increasing amounts of glycation. The CIU workflow was enhanced with the
ClUSuite3 software package, which enables native reading of data from the SELECT SERIES Cyclic IMS
instrument and quantitative analysis of the CIU fingerprint. This powerful workflow provides a way for
the structural integrity of biopharmaceutical products to be assessed rapidly during development, with

the potential to save time and triage constructs and formulations more efficiently.
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